The inclusion of ecotoxicity impacts of pesticides in environmental assessments of biobased products has long been hampered by methodological challenges. We expanded the pesticide database and the regional coverage of the pesticide emission model PestLCI v.2.0, combined it with the impact assessment model USEtox, and assessed potential freshwater ecotoxicity impacts (PFEIs) of pesticide use in selected biofuel feedstock production cases, namely: maize (Iowa, US, two cases), rapeseed (Schleswig-Holstein, Germany), Salix (South Central Sweden), soybean (Mato Grosso, Brazil, two cases), sugar cane (Saõ Paulo, Brazil), and wheat (Schleswig-Holstein, Germany). We found that PFEIs caused by pesticide use in feedstock production varied greatly, up to 3 orders of magnitude. Salix has the lowest PFEI per unit of energy output and per unit of cultivated area. Impacts per biofuel unit were 30, 750, and 1000 times greater, respectively, for the sugar cane, wheat and rapeseed cases than for Salix. For maize genetically engineered (GE) to resist glyphosate herbicides and to produce its own insecticidal toxin, maize GE to resist glyphosate, soybeans GE to resist glyphosate and conventional soybeans, the impacts were 110, 270, 305, and 310 times greater than for Salix, respectively. The significance of field and site-specific conditions are discussed, as well as options for reducing negative impacts in biofuel feedstock production.
■ INTRODUCTION
The transport sector contributed an estimated 22% of global CO 2 emissions in 2011, 1 and global demand for transport is expected to grow significantly over the coming decades. The International Energy Agency (IEA) projects that transport fuel demand will grow by nearly 40% between 2011 and 2035. 2 Biomass-based transport fuels (biofuels) currently supply around 3% of global road transport fuel demand, 3 a share that is projected to increase significantly in the future, up to 27% of the total global transport fuel demand by 2050, according to one estimate by IEA. 4 Most studies of the environmental performance of biofuels have focused on greenhouse gas (GHG) balances, 5,6 a critical aspect since biofuels are promoted to reduce GHG emissions. However, several studies 5,7−12 have shown that biofuels can be associated with higher impacts than fossil fuels in terms of, e.g., acidification, eutrophication, ecotoxicity, and human toxicity. Thus, broadening the scope to a wider range of impacts is essential to ensure that conclusions and recommendations are based on sufficiently comprehensive assessments and to avoid environmental burden-shifting. 6, 9, 11, 13, 14 Ecotoxicity impacts due to pesticide use in the cultivation of biofuel feedstocks have received relatively little attention. von Blottnitz and Curran 5 found that only one of 47 reviewed lifecycle-based studies of ethanol published between 1996 and 2004 considered ecotoxicity. Wiloso and co-workers 6 found that only six of 31 Life Cycle Assessments (LCAs) of second generation bioethanol published between 2005 and 2011 considered ecotoxicity. Further, inclusion of ecotoxicity in LCA does not necessarily mean that the ecotoxic effects of pesticide use are considered, and contrary; inclusion of pesticides in the inventory does not necessarily mean that ecotoxicity impacts are considered.
Chemical pesticides have become an integral part of agricultural systems since the middle of the last century. 15 World production of formulated pesticide product increased by approximately a factor 50 between 1945 and 2005. 16 Since the beginning of the 21st century, global pesticide consumption has reached a maximum, and currently show a slightly decreasing trend. 17−21 Pesticides provide many benefits but also have negative effects, such as contamination of surface and groundwater, 22 and impacts on biodiversity, 23 community structure and ecosystem function, 24 pollination services, 25 and human health. 26 Large-scale and improper use of pesticides is also increasingly linked to problems with resistant weeds, insects, and fungi. 27−29 The amount of applied pesticide active substance (AS) is not an adequate indicator of the ecotoxic effect, an increasingly acknowledged fact. 30, 31 Recent scientific advances, in particular the launch of the USEtox-model 32, 33 for assessment of human toxicity and freshwater ecotoxicity of chemical emissions in Life Cycle Impact Assessment (LCIA), make more sophisticated ecotoxicity impact assessments possible.
The site-generic approach traditionally employed in LCA is less applicable to products of agricultural origin since local agricultural practices and site-specific pedoclimatic factors influence results, 7, 8, 34, 35 not the least concerning pesticide emissions and toxicity impacts. 36, 37 Pesticide emission fate modeling is currently handled inconsistently in agricultural LCAs, and typically builds upon simplified assumptions and generic fate-factors, 38,39 e.g., that the pesticide dose is entirely emitted to agricultural soil 40 or other weakly supported distribution patterns. 30, 41 We combine a state-of-the-art pesticide emission inventory model, PestLCI 2.0, 37 with the "best available" 42 model for impact assessment of freshwater ecotoxicity, USEtox, 32 and assess potential freshwater ecotoxicity impacts (PFEIs) due to pesticide use in cultivation of biofuel feedstocks. Seven cases comprising five conventional feedstock crops are considered (maize, rapeseed, soybean, sugar cane, and wheat), as well as one example of a possible lignocellulosic feedstock for the production of second generation biofuels (Salix: n.b. biofuel conversion technologies not yet commercially available).
The aim of this study is to demonstrate a methodology for PFEI assessment of pesticide use; apply it to a set of biofuel feedstocks; highlight the importance of performing a detailed and site-specific inventory of pesticide usage and emissions; identify the pesticide ASs with highest PFEIs and propose measures to reduce the environmental burden in freshwater ecosystems caused by biofuel feedstock production.
USEtox also allows for the impact assessment of human toxicity, 32 but the existing method only takes into account the typically minor effects on the general public through diffuse exposure such as airborne emissions, contaminated drinking water, and food residues. The more adverse near-field impacts, affecting primarily field workers through direct exposure, are not taken into account. Toxic effects on humans are therefore not included here.
■ MATERIALS AND METHODS
The eight cases included in this study are presented in Table 1 along with their associated cultivation regions, fresh harvest yields, biofuel energy yields, allocation factors, and coproducts.
Functional Units. PFEI scores were determined in relation to (1) hectare (ha) and year (yr) and (2) biofuel yield (joule), i.e., the gross biofuel output per ha and year from the biofuel conversion plant (Table 1) . Biofuel energy yields were calculated based on fresh harvest yields, typical transportation pathways, and conversion efficiencies in biofuel conversion plants (SI5, Supporting Information). All biofuels studied can be used as vehicle fuel, thus fulfilling the requirement for equivalent function in LCA.
Pesticide Application Inventory. Crop cultivation practices in the selected regions were investigated, and pesticide application data were obtained from experts familiar with agricultural practices in the respective regions and/or determined on the basis of statistics or other literature, see SI1 (Supporting Information) for more information. The data obtained were complemented or modified, when appropriate, by our own assumptions. Based on this, application scenarios were constructed aiming to represent realistic and typical cultivation practices and pesticide management in the respective regions.
The pesticide application scenarios (SI1, Supporting Information) contain data about the pesticides applied (mass AS per ha and application, i.e., dose), method of application (ground, soil incorporation, or aerial), time of application (month), crop development stage at time of application, tillage type, and average frequency of application. Application frequencies represent the share of fields treated in a year, or the variation between years, and were used to consider major year-to-year fluctuations and even out the pesticide application and resulting PFEI over the years. 43 rapeseed, 44 soybean, 45 sugar cane, 45 and wheat 44 represent 2006−2011 production averages in the defined cultivation regions. The following water contents at harvest were used: maize, 14%; rapeseed, 15%; soybean, 13%; sugar cane, 72.5%; wheat, 13.5%. 46 Fresh harvest yield for Salix represents a conservative estimate of the future yearly yield potential averaged over a plantation life cycle, assuming 50% water content at harvest, see SI1.3 (Supporting Information). 47 Further details on yield data, see SI5 (Supporting Information). b Biofuel energy yields refer to the gross biofuel output (i.e., no deduction of energy inputs in biofuel production) per hectare and year from the biofuel conversion plant; more information is available in SI5 (Supporting Information). c Allocation factors were calculated using the partitioning method based on energy content considering output shares in representative production systems; 46 Actual AS chemical formulations were used throughout the study, for example, glyphosate isopropylamine salt (CAS Registry No. (CAS-RN) 38641-94-0) rather than glyphosate (CAS-RN 1071-83-6) as the AS in the herbicide RoundUp Ready. This approach was considered most appropriate in accounting for the potential impact.
Pesticide Emission Modeling. PestLCI v. 2.0.5 37 was used to estimate the mass of pesticide AS emitted from the agricultural field to the surrounding natural environment following application. This is the most advanced pesticide emission inventory model developed for use in agricultural LCA currently available. 38 PestLCI estimates pesticide emissions to air, surface water, and groundwater, by modeling primary and secondary distribution processes following field application. 36, 37 Distribution, transportation, and degradation processes in PestLCI are based on fate modeling principles originating from environmental risk assessment (ERA), with the difference that a realistic estimate of the average mass of AS emitted to the environment is modeled, rather than a worst case predicted environmental concentration (PEC) as in ERA. 37 Emission distributions are pesticide-, soil-, and climate-specific and depend on a range of field-specific parameters.
The agricultural field down to a depth of 1 m into the soil and 100 m up into the air is regarded part of the technosphere, thus excluding emissions to soil. Field data in PestLCI comprise field size (length and width), slope, drainage, depth of drainage system, irrigation, and tillage type and were set in each case based on information from the literature, agricultural experts, and our own assumptions (see SI2, Supporting Information). PestLCI includes seven predefined soil profiles and 25 climate profiles typical in Europe. Climate profiles are defined by the location's monthly averages in terms of air temperature, precipitation, and solar radiation as well as number of days with rainfall, average maximum and minimum air temperatures, yearly potential annual evaporation, and elevation above sea level. Soil profiles are defined by their pH−H 2 O, composition of sand (particles >50 μm), silt (particles 2−50 μm), clay (particles <2 μm), and organic carbon content for the various soil horizons, as well as the overall soil bulk density. We developed new site-specific climate profiles and site-and cropspecific soil profiles to represent pedoclimatic conditions in the studied regions (see SI3−SI4, Supporting Information).
The database of PestLCI v. 2.0.5 includes 101 pesticide ASs defined by their molecular mass, water solubility, vapor pressure, dissociation potential, bioaccumulation potential, soil adsorption potential, and degradation rates in soil and atmosphere. We added an additional 31 pesticide ASs to the model database to account for all pesticides identified during inventory (SI11, Supporting Information). PestLCI also enables the evaluation of the effects of buffer zones, i.e., safety areas between field and surface waters where pesticides are not sprayed.
Potential Freshwater Ecotoxicity Impact Assessment. LCIA refers to the assessment of potential impacts by multiplying emissions with so-called characterization factors (CFs), which quantify how much each emission contributes to various environmental impacts, relative to each other. 48 We used USEtox v.1.01 32 to calculate PFEIs due to emissions of pesticides to air and surface water. USEtox is an emission routespecific model for comparative assessment of chemicals and their ecotoxic effects on freshwater ecosystems developed for use in LCIA. It was recently appointed "the best" among existing characterization models for freshwater ecotoxicity and human toxicity 42 and is also recommended by the US Environmental Protection Agency. 49 No recommended methods exist to date for ecotoxicity impact assessment in the marine and terrestrial compartments. 42 PFEI scores calculated by USEtox represent an estimate of the potentially affected fraction (PAF) of species in time and freshwater space and are expressed in the unit comparative toxic unit ecotoxicity (CTUe). CFs for ecotoxicity (expressed in the unit CTUe per kg of a chemical emitted) are available for various emission compartments on the continental and global scales for nearly 2500 substances. 50 Here, CFs for emissions to continental air and continental freshwater were multiplied with pesticide emissions to air and surface water, respectively.
CFs are products of a fate, an exposure, and an effect factor, in accordance with the relationships that link emissions to impacts in the environment. 32 Fate factors are calculated on the basis of substance-specific physicochemical properties in combination with site-generic landscape parameters. Exposure factors equal the dissolved fraction and represent the bioavailable share. Effect factors are based on the geometric mean of EC50 and LC50 data for species at different trophic levels in the ecosystem. 51 CFs are classified as "recommended" or "interim", where the latter indicate that there is a lack of data or considerable uncertainties in the modeling of fate, exposure and/or effect. We derived new CFs for an additional 20 ASs, following the recommended procedure, 51 to account for all substances identified in the inventory. A detailed account how new CFs were derived, and the data used, is presented in SI12− SI14 (Supporting Information). It should be noted that USEtox CFs are site-generic and that the site specificness referred to here is limited to the inventory of pesticide usage and emissions.
Allocation. All biofuel production processes considered here are associated with coproducts (Table 1 ). We applied allocation through partitioning based on energy content as suggested by the EU Renewable Energy Directive (RED) 2009/28/EC 52 on PFEIs expressed in relation to biofuel yield, while impacts expressed in relation to cultivated area and time were left unallocated. The rationale for not allocating impacts expressed in relation to ha and year is that we considered it more relevant, from the perspective of freshwater ecosystems and their protection, to account for the total impact at the cultivation stage. However, recalculation to allocated results can be done using the allocation factors in Table 1 . The substitution method by system expansion was not considered appropriate since the eight cases are parts of interlinked systems of fuels and feed, making the system expansion method speculative by requiring assumptions about product displacement that have weak empirical support and are sensitive to changes in policy, markets, and production systems. Allocation is a debated topic in LCA, 53 and other valid bases for partitioning exist, e.g., economic value, although variable over time. Allocation factors (Table 1) were calculated based on output shares in typical production systems, see SI6 (Supporting Information) for more information.
Sensitivity Analyses. A number of parameters that we identified as uncertain or subject to large temporal or spatial variation were tested in sensitivity analyses, in order to quantitatively measure their effects on results. In particular, we analyzed the effects of field size, buffer zones, method of application, soil parameters, and site, on pesticide emissions to air and surface water, and hence PFEI scores, in selected test ■ RESULTS AND DISCUSSION Pesticide Application Rates. Total average pesticide application rates per case vary by more than a factor of 20, see SI1.7 (Supporting Information). The perennial crop Salix is associated with substantially lower pesticide use than the other crops; fungicides and insecticides are not used at all, and herbicides are, on average, applied only once every third year. In all annual crops except maize, all three major pesticide groups (herbicides, fungicides, and insecticides) are used every year. Insecticides are not applied in MZ-I (Bt-maize) due to the crop's ability to produce its own insecticidal toxin.
Pesticide application rates per AS vary by almost 3 orders of magnitude, while AS-specific PFEI scores vary by 6 orders of magnitude, indicating that amount of pesticide AS applied is an inadequate indicator of ecotoxicity. Glyphosate isopropylamine salt, e.g., is applied at a rate almost 300 times higher than betacyfluthrin in RS; despite this, beta-cyfluthrin causes a PFEI more than 500 times higher than glyphosate isopropylamine salt per application.
Potential Freshwater Ecotoxicity Impacts. PFEI scores vary significantly across the different cases, up to 3 orders of magnitude ( Figure 1 ). Placed in relation to biofuel yield, the SX case has a PFEI of about 3 CTUe TJ −1 (allocated value), while impact scores for the cases SC, MZ-I, MZ-II, SB-II, SB-I, WT, and RS are about 30, 110, 270, 305, 310, 750, and 1000 times larger, respectively. In relation to area and time, the SX case has a PFEI of <1 CTUe ha −1 yr −1 (unallocated value), while impact scores for the cases SC, MZ-I, SB-II, SB-I, MZ-II, RS, and WT are about 60, 205, 220, 220, 500, 1110, and 1115 times larger, respectively. The favorable result for Salix is explained by the relatively low pesticide use in cultivation, both in terms of application rate (0.24 kg AS ha −1 yr −1 ) and frequencies of application (see SI1.7, Supporting Information), and the use of pesticides (glyphosate isopropylamine salt, flurtamone and diflufenican) with relatively low CFs (see SI7, Supporting Information). Considering that biofuels from lignocellulosic crops are not yet commercially available, the results for Salix should be interpreted as an indication of the future potential.
WT and RS are associated with significantly higher PFEIs than the other cases ( Figure 1) . The high scores are associated with the use of the fungicide chlorothalonil in WT and the insecticide beta-cyfluthrin in RS, responsible for 84 and 92% of the total impact scores, respectively, see Table 2 (for an   extended version of Table 2 , refer to SI15, Supporting Information). The emission pathways via air are responsible for over 98% of the total impact scores for both substances, but the emission fractions to air are not particularly high (<0.6% of the applied doses), in line with the fact that both substances are non to moderately volatile. 54 In the case of beta-cyfluthrin, it is the very high CFs (SI7, Supporting Information) that explain the top position, while in the case of chlorothalonil, it is the relatively high dose (0.5 kg AS ha −1 ) in combination with high CFs that explain the result. The facts that both substances are nonpersistent and non vs slightly mobile in soil, and non to moderately volatile, indicate that the high CFs is mainly due to their ecotoxic potency, which is consistent with the fact that both substances are classified as highly toxic to fish and aquatic invertebrates. 54 Field size is also an important explanatory factor to the high impact scores in the cases of RS and WT, see below.
The results indicate positive effects of using Bt-maize (MZ-I), due to the Bt-technology that eliminates the need for otherwise commonly used insecticides. The use of the insecticide chlorpyrifos in MZ-II is responsible for the 2.4 times larger impact score of MZ-II compared to MZ-I. In contrast, there is no significant difference between the two soybean cases. The pressure of pests and diseases is high in South American soybean cultivation and the present GE-technology includes only herbicide-tolerant soybean, i.e., insecticides and fungicides An intuitive interpretation of the PFEI score follow from the definition of the ecotoxicity unit: CTUe = PAF·m 3 ·day. If we e.g. consider 1 ha of wheat (WT) and estimate the potentially affected fraction of freshwater species in a 50 m 3 pond over the course of 1 week (for simplicity assuming that all pesticides are applied at the same time), the definition gives that 76% of the species are potentially affected. The same calculation for 1 ha of sugar cane (SC) gives that only 4% of the freshwater species are potentially affected.
Uncertainty and Variation. The results depend on hundreds of parameters of physicochemical and pedoclimatic character, with varying uncertainty. It has been shown that for CFs, the most uncertain input parameters are substances' halflives in different environmental compartments, and ecotoxic effect factors that are based on substance-specific ecotoxic effect data. 50 The uncertainty range of CFs has been determined to 1−2 orders of magnitude; 32 consequently, a substance with CF = 100 may not be (but probably is), more toxic than a substance with CF = 1. The uncertainty in final impact scores also depends on the uncertainty in emissions, which has not been quantified previously, and is beyond the scope of this study. However, pesticide emissions as given by PestLCI have been shown to be in "acceptable accordance" with results produced by state-of-the-art pesticide risk assessment models. 37 Therefore, a full-scale, quantitative, uncertainty analysis is not possible at this time.
Perhaps even more significant and probably overshadowing uncertainty ranges is the fact that many of the input parameters display large temporal and/or spatial variability due to natural variations in the real world. This applies especially to pedoclimatic parameters, but also to some physicochemical parameters, such as chemical substanceśhalf-lives in soil that can vary significantly depending on, e.g., microbial activity and pH. 55 Consideration of such variations is highly datademanding and thus impractical in most LCAs. Pesticide application in terms of product choices and doses can also have high variability in time and space and depend on a range of factors that vary between farms, regions and years, such as climate and weather, pressure from weeds, pests and diseases, legislation, certification schemes, and commodity prices. The pesticide application scenarios considered here are based on fairly common pesticides but not designed to represent any sort of national or regional average or to cover all possible alternatives. This approach was considered most appropriate considering limitations set by data availability and quality (see below) and difficulties translating pesticide statistics (if available) into realistic use scenarios.
Site-generic pedoclimatic data are usually used in LCA, if at all considered. We used site-and crop-specific data to improve accuracy and reduce uncertainties compared to conventional emission inventory approaches. However, due to existing uncertainties and model limitations, and the fact that quantitative uncertainty ranges have yet to be determined, results should be interpreted with caution, and foremost be used for ranking, and identifying the substances associated with the largest impacts (Table 2 ). It is thus not possible to determine at this time if there is any significant difference between, e.g., the RS and the WT case, while the qualitative uncertainty analysis indicate that the SX case (and possibly the SC case) offer potential benefits compared to the other cases. Further, it is clear that improvement measures should be directed at the ASs associated with the largest PFEIs, as identified in Table 2 .
Sensitivity Analyses. Previous sensitivity analyses of PestLCI 2.0 for the herbicide MCPA showed that the most influential input parameters concerning emissions to air were field width, solar radiation, and average temperature. 37 Concerning emissions to surface water the most influential input parameters were soil pH, soil texture, and potential evaporation. We performed sensitivity analyses for additional ASs and evaluated the influence of field size, buffer zones, method of application, soil parameters, and site on pesticide emissions and, hence, PFEI scores.
In line with previous findings, 37 we found field size (or field width to be more precise) to be a critical parameter for emissions to air and PFEI scores, which is due to the modeling of wind drift in particular and the assumption that the wind always blows in parallel with the field width. 56 The spray equipment is modeled as moving in parallel to the field length. In effect, pesticides that are applied close to the field border perpendicular to the wind direction are dominating the wind drift emissions. 56 Hence, mass of pesticide AS emitted, averaged over the entire field area, decreases with increasing field width (if length remains constant), whereas in absolute terms, total emissions to air (kg) are practically invariant under field width (if length remains constant) but increase in proportion to field length (if width remains constant). We used field sizes ranging from 10 to 250 ha to represent typical site-and crop-specific conditions (SI2, Supporting Information), and kept all case fields of the same shape (the length twice the width) and orientation with regard to pesticide application and wind direction to minimize influence due to varying field settings.
We tested the effect of changing the field size in the SB-I case from 250 to 10 ha, while maintaining field shape and orientation; i.e., we decreased both width and length by a factor 5. This caused the PFEI to increase by a factor 2.7, due to up to 5 times larger per-ha air emissions on the smaller field (Table SI17, Supporting Information). However, emissions to surface water were practically unaffected since emissions due to runoff are modeled as a function of the applied mass per surface unit. 56 An intuitive interpretation is that the larger the field, the lower the emissions as a fraction of total mass applied, due to decreased ratio of circumference to area. The significance of field size partly explains why the European cases (RS and WT), where field sizes are set to 10 ha, are associated with relatively higher per-ha impacts than the soybean cases, where field sizes are set to 250 ha. The fact that field sizes vary greatly in reality is one of several reasons why caution should be taken before generalizing the results presented here.
Buffer zones are protective strips of land where pesticides are not sprayed, located between fields and surface water to prevent pesticides from reaching these water bodies. 57 Fields in PestLCI are modeled to have a ditch containing surface water along one side and a slope that results in runoff to this ditch. 56 We tested the effect of adding product-specific buffer zones for the 13 highest-impact ASs in the WT, RS, and MZ-II cases, i.e., substances with a PFEI ≥ 1 CTUe ha −1 yr −1 (Table 2) . Buffer zones extended in the range from 5 to 20 m for ground application (0 m; one substance) to 46 m for aerial application (one substance), see a result of the addition of buffer zones, PFEI scores for the WT, RS, and MZ-II cases were reduced by 68, 91, and 78%, respectively, due to air and surface water emissions associated with the analyzed ASs, reducing on average 76 and 86%, respectively. Experimental research in The Netherlands 57 on the effect of buffer zones of varying width showed that a 3 m unsprayed strip of land reduced drift deposition in an adjacent ditch by a minimum of 95%, confirming that buffer zones are indeed effective in protecting aquatic ecosystems.
Method of application is an important parameter for emissions to air. Most pesticides are applied using equipment for ground application; however, on tall crops in the Americas, aircraft are frequently used. We tested the effect of using ground application instead of aerial application on the ASs chlorpyrifos (MZ-II) and trinexapac-ethyl (SC) and found that it brought down air emissions by 37 and 10%, respectively.
A soil sensitivity analysis for three ASs (atrazine, glyphosate, and metazachlor), showed that texture is the most influential parameter concerning emissions to surface water, i.e., composition of sand, silt, and clay (SI8, Supporting Information). Emissions to surface water were 3−4 times lower for a sandy soil with low clay content (>55% sand and <20% clay) compared with soils with clay and sand content >20% and <45%, respectively. This may seem counterintuitive but has been confirmed by others 58, 59 and is explained by the fact that soils with high clay content form macropores upon cracking, which act as shortcut transport routes for pesticides.
Atrazine is the second most widely used herbicide on maize in Iowa 43 and is included in both maize cases. We evaluated the (combined) influence of pedoclimatic parameters by changing site of the application. When the same atrazine dose was applied to maize cultivated in either of the two Brazilian locations (Mato Grosso or Saõ Paulo) instead of Iowa (keeping all other parameters as in the MZ-I case), the PFEI associated with atrazine increased by on average 70%, primarily due to four times higher air emissions of atrazine in Brazil, compared to Iowa. In fact, air emissions are responsible for two-thirds of the total impact score of atrazine in Brazil, compared to onequarter in Iowa. The increase in air emissions is principally associated with climate parameters and most probably an effect of April temperatures in Brazil being significantly higher than in Iowa (see SI9, Supporting Information), as increased temperatures has been shown to increase the volatilization potential of atrazine. 60 Examples from the sensitivity analyses demonstrate the importance of taking into account site-, crop-, and field-specific conditions in emission modeling and indicate the large uncertainties inherent in site-generic default fate-factors. Archetypical emission fraction values with high geographic resolution do not reduce the need for comprehensive sensitivity analyses and can give LCA practitioners a false sense of precision. Up to now, the influence of parameters such as soil texture, buffer zones, and method of application have not been easily modeled in LCA.
However, such specific inventories are difficult to develop due to limited data availability. In fact, pesticide use statistics are scarce and seldom disaggregated to the level of different ASs, regions, and crops; rather, they are typically given in highly aggregated form, as in the FAOSTAT database. 61 The statistics collected regularly by the United States Department of Agriculture (USDA) and made publicly available by the National Agricultural Statistics Service (NASS) 43 are an exception. USDA NASS data are disaggregated to the level of states, crops, and ASs, while for, e.g., Brazil, such publicly available data do not exist. 62 Recently, the USDA has decreased the inventory frequency in response to budget cuts; now major field crops are surveyed only every five years, 43 which seriously limits the potential for up-to-date analysis and monitoring. In terms of site-and crop-specific field data and agronomic practices, availability is even more restricted.
Possibilities for Reducing Impacts in Biofuel Feedstock Production. Choice of pesticide product significantly controls the PFEI, as demonstrated by the large range in CFs associated with the ASs included here (up to 7 orders of magnitude, see SI7, Supporting Information). Where only one AS dominates the impact score, as in the cases of RS and WT (Table 2) , possibilities for reducing impacts are straightforward. The insecticide beta-cyfluthrin used in RS against the cabbage stem flea beetle (Psylliodes chrysocephala) could, for example, potentially be substituted to another pyrethroid, e.g., lambdacyhalothrin, alpha-cypermethrin, tau-fluvalinate, or esfenvalerate. 63 We tested the effect of switching to an equivalent dose of lambda-cyhalothrin 64 and found that it lowered the PFEI in RS by 85%.
Substitution of chlorothalonil, a broad-spectrum fungicide with a multisite mode of action, 29 is not as straightforward. Due to recent shifts in sensitivity in Septoria leaf blotch (Septoria tritici), the most important fungal disease on wheat in Germany (SI1.6, Supporting Information), agricultural advisors across Europe now recommend tank mixing with multisite fungicides (e.g., chlorothalonil) to protect important fungicide groups, e.g., azoles, from losing their effect. 65 Chlorothalonil is considered to have a low risk of causing resistance development. 29 On this basis, it is likely that the use of chlorothalonil will continue. One possible replacement option is the fungicide mancozeb. 63 The sensitivity analyses indicate that ecotoxic effects could be reduced significantly if, e.g., buffer zones are used where fields abut surface water and aircraft application is avoided. These measures and others that aim to control pests while reducing risks are already well-known within integrated pest management but, until now, not easily assessed within LCA.
Imposition of buffer zones on agricultural lands raises issues related to private property and economic impacts, and enforcing compliance with legislation mandating buffer zones can be a challenge. 66 Actively managed, and harvested, streamside zones are an alternative to unmanaged buffer zones. 67 Studies have shown that some plants that are cultivated along waterways can simultaneously provide both freshwater protection and biomass. 68−70 The results also indicate that impacts would be lower if biofuels were produced from lignocellulosic crops subject to similar pesticide treatment as in the SX case. As mentioned previously, several studies 5,7−12 have shown that the production of biofuels can be associated with environmental burden shifting compared to fossil fuels, i.e., a net gain in GHG emissions, at the expense of other environmental impact categories. Biofuels based on intensively cultivated crops (high inputs and yields) can have low GHG (and other) emissions per energy output yet cause high local impacts (e.g., acidification, eutrophication, and ecotoxicity). The cultivation of lignocellulosic perennial crops generally involves less pesticide input than conventional biofuel crops, partly because it is not economically motivated and partly because pestinduced effects tend to be smaller. Studies indicate that advanced biofuels produced from lignocellulosic crops requiring less input in the cultivation, can perform better on both per output and per hectare basis, and offer environmental benefits that go beyond GHG emissions. For example, Wiloso and co-workers 6 reviewed 31 LCAs of second-generation bioethanol and found that in the nine cases where a full comparison was possible the overall environmental impact was consistently lower for ethanol than for a reference conventional fossil oil system. The favorable performance of lignocellulosic crops was confirmed in this study (Salix case). Favorable performance can also be due to the use of lignocellulosic residues and wastes as feedstocks, to which impacts are not allocated. Studies have also shown that integration of lignocellulosic crops into agricultural landscapes can reduce the eutrophication load. 71, 72 However, the pesticide use (and other inputs) might increase in a scenario with increased feedstock prices in which biofuel demand causes higher pressure on land. Higher land pressure and feedstock prices might indirectly cause ecotoxicity impacts due to increased pesticide use as well as further expansion of the agriculture frontier into natural ecosystems. Since agricultural frontiers are concentrated in tropical habitats, a very large number of species can potentially be affected due to pesticide use in these areas, 73 although ecotoxic effects are far from the only impacts associated with expansion of agricultural frontiers.
GE-technology can potentially bring down pesticide use levels. In the cases of US maize and cotton, Benbrook estimated 74 that the Bt-technology has reduced insecticide use by 56 million kg between 1996 and 2011, while with respect to GE herbicide tolerant crops (soybean, cotton, and maize), herbicide use, in particular glyphosate, has increased by 239 million kg, causing a net total increase of 7%. However, it is uncertain if the positive development in Bt-maize will continue as documented cases of field-evolved resistance in western corn rootworm (Diabrotica virgifera virgifera) against multiple Bttoxins have recently been reported. 75, 76 Also, growing problems with spread of glyphosate resistant weeds resulting from excessive use seriously challenge the potentially positive effect of the GE-technology. 77, 78 Our findings do not indicate a reduced PFEI in GE soybeans compared with conventional.
Future Research. Much remains to be done before ecotoxicity due to pesticide use is routinely included in agricultural LCAs. Of prime importance is expansion of substance databases, a highly challenging task since there are approximately 100000 chemicals in commerce today, including 600 pesticide ASs, and thousands of new chemicals are synthesized every year, 15 but nonetheless critical in overcoming one of the main barriers. A site-specific approach is needed for impact assessment of chemical emissions, since chemical emissions typically cause local impacts. A regional pesticide emissions model, such as PestLCI, is valuable to LCA practitioners but needs to be expanded beyond Europe and validated against non-European soils and climates, e.g., tropical conditions. With regard to impact assessment, regionalization of USEtox is an active research area. 79 Employing regionalized CFs would increase the accuracy of ecotoxicity studies, but as indicated in the study by Kounina and colleagues, 79 probably not significantly change the results.
Present models lack capabilities to account for transformation products; a potentially serious shortcoming that needs further attention. This simplification is especially troublesome for compounds that rapidly degrade into more stable compounds, some of which are more toxic than the parent compound. A recent study showed that the inclusion of transformation products may increase freshwater CFs by up to 5 orders of magnitude. 80 Also, chemical emissions seldom take place in isolation, and the environment is simultaneously exposed to a mixture of chemicals. Surfactants, a common pesticide ingredient, have, e.g., been shown to increase toxicity of pesticides. 81, 82 Methods that deal with the mixture toxicity of chemicals exist 83 and have been validated for pesticide mixtures 84, 85 but have yet to be integrated in USEtox.
The physicochemical data used as input to PestLCI and USEtox are currently on the recommendations from the respective development teams, derived from different data sources (see SI11−SI13, Supporting Information). This unfortunate situation, the implications of which have yet to be quantified, needs to be resolved to bridge the gap between inventory and impact assessment and increase consistency between models. Other potential model mismatches also need to be revealed and resolved. 38 Finally, beyond pesticides and toxicity impacts, research is needed to improve our understanding of trade-offs associated with bioenergy expansion and how integration of bioenergy crops into agricultural landscapes could foster multiple ecosystem services and mitigate impacts from existing crops. 86, 87 Implementation of beneficial integration strategies also requires dissemination tools 88 to support the broad stakeholder processes that are needed to capture synergies and strike a balance between socioeconomic and environmental objectives.
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